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ABSTRACT 


A  description  is  given  of  the  apparatus  and  method  used  in  the 
measurement  of  cross  sections  for  the  ionization  of  atoms  and  molecules 
by  electron  impact.  A  cross-beam  technique  is  employed,  using  a  beam 
of  fast  atoms  of  2  to  3  kev  kinetic,  energy  as  a  target.  Product  ions 
are  analyzed  according  to  their  charge/momentum.  Sources  of  spurious 
ion  currents  and  other  interference  are  discussed.  Absolute  cross 
sections  were  measured  for  incident  electron  energies  ranging  from 
below  threshold  to  500  ev;  results  are  presented  and  discussed  for 
the  ionization  of  nitrogen  and  argon  atoms,  and  for  nitrogen  molecules. 
The  cross  section  for  e  +  N  —  N+  +  2e  has  an  energy  dependence  rather 
similar  to  the  theory  of  Seaton,  but  is  about  20%  smaller.  The  dis¬ 
sociative  ionization  cross  section  for  N2  does  not  appear  to  be  a  direct 
process  (».e.,  occurring  in  less  than  10  7  sec)  for  electron  impact 
energies  below  50  ev. 
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IV 


I  INTRODUCTION 


This  report  summarizes  the  research  carried  out  under  Office  of 
Naval  Research  Contract  Nonr- 2588(00 ), *  with  special  emphasis  on  the 
work  during  the  period  1  October,  1960  to  31  January,  1962-  This  ex¬ 
perimental  research  program  has  been  directed  toward  measuring  the 
interaction  cross  sections  for  the  ionization  of  nitrogen  and  oxygen 
atoms  by  electron  impact. 


**•4*4  fcy  tk«  A4v**c*4  IW**arch  Project.  A(**cy,  ARPA  Or4*r  S-SI  T*«k  Or4*r  J. 


II  RESUME  OF  THE  PROGRAM 


An  exp  e  r  1  men  t  a  1  investigation  of  e]  ect  ron  -  atom  interactions,  such 
as  e  ♦  N  »  N4  ♦  2e .  is  inherently  difficult  hecuuse  of  the  problem  of 
obtaining  free  atoms,  which  exist  stably  only  in  the  molecular  state. 
Consequently,  a  volume  containing  free  atoms  generally  will  be  contami¬ 
nated  by  a  far  greater  density  of  other  molecules.  There  results  not 
only  the  problem  of  obtaining  reactant  atoms  in  sufficient  numbers  to 
measure  the  reaction  products,  but  also  the  task  of  distinguishing  be¬ 
tween  the  desired  reactions  and  the  large  number  of  other  reactions  that 
occur  in  the  interaction  volume. 

Our  approach  to  the  problem  has  been  described  in  the  first  Annual 
Report1  and  will  be  summariied  here.  The  instability  of  free  atoms 
limits  feasible  methods  to  those  involving  crossed  beams  of  electrons 
and  atoms:  we  have  chosen  a  novel  variation  of  this  technique  which  uti¬ 
lises  a  fast  ion  beam  as  a  source  of  the  a~om  beam.  A  schematic  diagram 
of  the  apparatus  is  shown  in  Fig.  1. 

A  fairly  intense  beam  of  atomic  and  molecular  ions  is  extracted 
from  an  rf  ion  source3  at  an  arbitrary  energy  in  the  range  2-5  kev.  The 
beam  is  focused  and  sent  through  a  wedge-shaped  magnetic  field  which  de¬ 
flects  the  atomic  ions  through  90®  and  sfpi rates  them  from  the  molecular 
iona.  The  emerging  atomic  ion  beam  is  then  refocused  and  passes-  through 
a  “charge  transfer”  cell  containing  a  gas  at  a  relatively  high  pressure, 
about  7  x  10”4  torr.  About  10%  of  the  ions  undergo  charge - 1 rans fer  col¬ 
lisions  in  traversing  this  region,  and  become  neutral  atoms  without  ex¬ 
periencing  any  significant  change  in  momentum.  The  remaining  ions  are 
then  deflected  by  an  electrostatic  field  and  the  remaining  beam  of 
neutral  atoms  enters  a  magnetic  field  where  it  is  intersected  by  an 
electron  beam.  Ions  created  from  the  fast  beam  atoms  by  electron  col¬ 
lisions  in  this  region  retain  their  original  momentum  and  are  deflected 
by  the  magnetic  field  and  focused  to  a  collector,  while  the  neutral-beam 
atoms  pass  on  through  and  are  stopped  by  a  thin-film  thermocouple  which 
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serves  as  a  neutral  bram  monitor.  The  neutral  he  a  ni  >  s  su  f  f  ■  r  ■  <-n  t  1  y 
energetic  that  its  density  may  he  ascertained  from  a  measurement  of  the 
temperature  rise  i  r.  the  thin  mekei  film  which  stops  the  Oram. 

The  electron  beam  is  square-wave  modulated;  the  ion  current  is  amp  1 1 
fied  by  a  tuned  amplifier  and  measured  by  a  sym  hronous  detector.  The 
kinetic  energy  of  the  beam  electrons  is  adjustable  so  that  ion  currents 
may  be  measured  us  a  function  of  electron  erergy. 

During  the  course  of  the  program,  the  .ipparatus,  shown  in  Fig.  2, 
has  been  built  and  has  undergone  msny  refining  modifications.  Not  too 
surprisingly,  a  rather  large  number  of  complex  problems  were  discovered 
during  the  preliminary  investigations  of  the  behavior  of  the  apparatus, 
and  considerable  effort  was  given  to  understanding  and  surmounting  the 
obstacles.  In  August  1961  the  long  preliminary  work  culminated  in  the 
first  useful  measurements  obtained— the  cross  section  for  the  ionitarion 
of  nitrogen  atoms.  Since  the?:,  further  refinements  in  both  the  equipment 
and  the  measuring  technique  have  beer  made,  along  with  more  detailed 
studies  of  some  of  the  problems. 

The  initial  measurements  of  atomic  nitrogen  beams,  were  followed  up 
by  studies  of  molecular  nitrogen  and  argon  beams.  In  the  following  dis¬ 
cussions  we  shall  refer  to  the  processes  and  their  interaction  cross 
sections  as  follows: 


BEAM 

REACTION 

CROSS  SECTION 

N 

e  +  N  -  N*  +  2e 

Q(N* ) 

N2 

e  +  Nj  -  Nj  +  2e 

e  -*  Nj  -  N  +  N*  +  2e 

(?(Nj  diss) 

N, 

e  +  N2  -  Nj*  +  3e 

Ar 

e  +  Ar  A?  +  2e 

<?(  Ar* ) 

Ar 

e  +  Ar  —  Ar*  *  +  3e 

<P(Ar**)  . 
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Ill  DETAILS  OF  THE  METHOD  AND  DISCUSSION  OF  THE  MEASUREMENTS 


A.  DETAILS  OF  THE  METHOD:  ADVANTAGES  AND  PHOHI.EMS 

There  are  several  important  advantages  to  the  method,  as  well  as 
some  problems  connected  with  it.  The  advantages  it  has  over  the  con¬ 
ventional,  thermal  atomic  beam  method  are:  (1)  Complete  separation  of 
the  target  atoms  from  the  parent  molecules  —  effected  hy  the  mass  analysis 
of  the  ion  beam— allows  studies  to  be  made  on  many  different  atoms  and 
molecules  which  would  not  be  possible  with  a  thermal  beam.  (2)  The 
target  atoms  are  distinguished  by  their  unique  momentum,  which  bIIows 
the  mass  analysis  of  product  ions  and  eliminates  some  secondary  reactions  — 
only  those  ions  having  the  proper  momentum  (of  the  incident  neutral  beam) 
are  focused  to  the  collector,  and  the  large  number  of  loniied  ambient  gas 
molecules  formed  in  the  electron  beam  path  are  not  collected.  (3)  The 
method  permits  the  direct  measurement  of  absolute  cross  sections;  hence, 
measurements  need  not  be  made  relative  to  some  previously  measured 
cross  section. 

The  main  problems  are  caused  by  low  signal  levels,  due  to  low  beam 
densities,  and  by  extraneous,  interfering  reactions,  due  to  background 
gas-beam  interactions  that  compete  with  the  one  under  study.  l,ow  beam 
densities  result  from  s pa c e - cha rge  limitations  of  the  ion  beam  and  also 
from  difficulties  in  maintaining  the  beam  density  over  the  distances 
involved,  particularly  between  the  final  focusing  lens  (in  front  of  the 
change-transfer  cell)  and  the  beam  intersection  region.  The  neutral  beam 
densities  are  low,  but  not  prohibitively  so.  Low  signal  levels  are  an 
inherent  characteristic  of  all  crossed-beam  measurements;  only  recently 
have  detection  techniques  become  sufficiently  refined  to  permit  the 
crossed-beam  method  to  be  successfully  employed.3 

There  are  certain  types  of  interference  that  are  peculiar  to  our 
method.  The  fast  beam  atoms  have  sufficient  energy  to  ionite  and  excite 
the  ambient  gas  along  the  beam  path,  and  to  undergo  charge-loss  collisions, 
etc.  These  reactions  can  yield  a  high  level  of  background  current  at  the 
ion  collector,  which  raises  the  noise  level  in  the  detector  but  does  not 
directly  interfere  with  the  modulated  signal.  However  these  steady-state 
currents,  by  their  interaction  with  the  modulated  space  charge  potential 


of  the  electron  hr am,  can  produce  spurious  signals.  Spurious  signals 
can  also  arise  from  interaction  of  the  fast  atoms  with  a  modulated  com¬ 
ponent  of  the  gas  in  the  interaction  region  produced  by  the  electron  beam. 
These  and  other  types  of  interference  have  been  discussed  in  the  Annual 
and  Quarterly  Reports  issued  under  the  contract,  hut  because  of  their 
significant  influence  on  the  course  of  this  program,  we  will  review 
them  below. 

There  are  three  variable  quantities  that  enter  into  thi  cross-section 
compulations,  as  well  as  several  constant  factors.  The  measured  variables 
are  the  electron  beam  current,  t.e.,  the  current  which  crosce*  the  inter¬ 
action  region;  the  voltage  output,  V  of  the  neutral  beam  detector  which 
determines  the  atom  beam  current;  and  the  signal,  a,  from  the  phase- 
sensitive  detector  which  measures  the  product  ion  current  delivered  to 
the  collector.  The  ion  beam  energy,  the  geometrical  factors,  and  the 
detector  sensitivities  remain  essentially  constant  from  run  to  run. 

The  details  of  the  method  will  be  presented  in  the  following  order: 
we  shall  describe  (1)  the  apparatus  and.  instruments  used  in  the  measure¬ 
ment  of  the  three  variables,  and  then  <  2 )  the  behavior  of  these  variables, 
especially  the  observed  ion  signal,  under  different  teats.  We  will  then 
discuss  the  operating  procedures,  some  of  which  were  necessitated  by  the 
results  of  the  tests. 

1.  Measurement  oe  Various  Currents  and  Parameters 

The  system  of  signal  detection  and  measurement  was  described  in  the 
Second  Annual  Report.4  A  block  diagram  of  the  arrangement  of  components 
is  given  in  Tig.  3.  The  currents  of  the  electron  beam,  atom  beam,  and 
product  ions  were  measured  as  follows: 

U.  electron  beam 

Currents  tu  various  elements  of  the  electron  gun,  shown  sche¬ 
matically  in  Tig.  4,  are  measured  by  conventional,  100 /xa  full  scale, 
dc  meters  with  suitable  shunts  to  allow  currents  of  10  ma  to  be  measured. 
The  potentials  of  the  elements  are  measured  with  a  vacuum  tube  voltmeter, 
which  is  periodically  calibrated  against  accurately  known  reference 
voltages  obtained  from  a  Keithley  Model  241  Kegulated  High  Voltage  supply. 
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6.  NEUTRAI.  BEAN 


The  neutral  beam  <let.ert.or,  shown  in  Kip.  5,  was  described  and 
analysed  in  the  Second  Annual  Report.4  (A  report  on  this  det.ertor  is 
being  written  for  publication.)  Jhe  bram  is  stopped  by  a  thin  (10  4  cm) 
nickel  film,  to  the  back  side  of  which  is  soldered  a  10  4  i  nch  di  amet.er 
Nichrome  wire  to  form  a  thermocouple.  The  beam  dissipates  its  power  in 
the  nickel  film,  and  the  consequent,  temperature  rise  leads  to  a  change 
in  the  output  voltage  of  the  thermocouple,  which  is  measured  hy  a 
Keit.hley  Model  150-A  m  i  c  rovo  1  tme  te  r  -  ammo  t  e  r  . 


The  sensitivity  of  the  detector  is  determined  with  an  ion  beam 
(no  gas  in  the  charge -t r ana f e r  cell),  by  successive  measurements  of  the 
thermocouple  output  voltage  and  the  total  ion  current  with  secondary 
electrons  suppressed.  These  checks  are  made  fairly  frequently  and  indi¬ 
vidual  measurements  seldom  vary  by  more  than  5%.  Recently,  however, 
rather  severe  ("'-20%)  fluctuations  were  noticed  in  the  detector  output 
during  cross-section  measurements,  and  the  ion  current  signal  remained 
relatively  constant.  The  effect  was  thought  at  first  to  be  due  to  severe 
inhomogeneities  in  the  atom  beam  which  could  change  position  on  the  thin 
film  with  small  changes  in  the  beam  energy.  The  thermocouple  ultimately 
ceased  functioning,  and  when  the  interaction  chamber  was  opened  up,  it 
was  found  that  the  beam  had  eroded  (sputtered)  a  small  % - 1 n c h- d 1 ame te r 
hole  out  of  the  film,  centered  at  the  thermocouple  so  that  the  Nichrome 
wire  was  left  dangling  in  space.  The  fluctuations  in  sensitivity 
doubtlessly  occurred  when  this  hole  was  being  f.rmed.  To  avoid  this 
problem  in  the  future,  the  thin  films  will  he  replaced  frequently.  At 
a  beam  energy  of  about  2850  ev  the  present  detector  yields  an  output 
voltage  change  of  about  0.110  millivolt  per  microamp  of  1  earn  current,  or 
about  38.5  microvolts  per  milliwatt. 


c.  PRODUCT  ION  CURRENT 

The  total  ion  current  reaching  the  collector  consists  of  an 
89  cps  squnre-wave  modulated  current  superimposed  on  a  constant  back¬ 
ground  current.  This  background  current,  caused  by  electron  loss  col¬ 
lisions  with  ambient  gas  molecules  in  and  near  the  beam  interaction 
volume,  exceeds  the  wanted  signal  by  about  two  orders  of  magnitude.  The 
voltage  developed  by  the  total  current  as  it  flows  through  a  1 09  ohm 
resistance,  appears  on  the  grid  of  the  first  tube  (located  inside  the 


6 


vacuum  sysieni)  of  the  unit-gain  preamplifier,  shown  in  Fig.  6,  whose 
output  impedance  is  relatively  low  (10*  ohms).  The  main  amplifier 
(Fig.  7)  boosts  the  signal  to  a  level  which. is  easily  detected  and 
measured.  In  order  to  avoid  saturation  by  noise,  the  amplifier  is  tuned 
to  amplify  only  those  frequencies  lying  within  a  narrow  pass  band  centered 
at  the  modu'ation  frequency.  The  pha se - sens 1 1 i ve  detector  (Fig.  7)  recti¬ 
fies  the  output  of  the  amplifier  in  phase  with  a  reference  signal,  and 
the  resulting  dc  voltage  is  plotted  by  one  channel  of  a  two-pen  strip- 
chart  recorder.  (The  other  channel  records  the  output  of  the  neutral 
beam  monitor.)  The  effective  bandwidth  of  the  system  can  be  reduced 
below  that  of  the  main  amplifier  by  increasing  the  time  constant  at  the 
output  of  the  detector.  Such  a  reduction  of  the  bandwidth  has  the  effect 
of  increasing  the  s igna 1  - to-noi se  ratio.  We  have  placed  an  R-C  net  of 
variable  time  constant  in  the  detector  output  for  this  purpose. 

The  electron  beam  modulator  and  the  phase  -  sens i t i ve  detector 
are  both  controlled  by  a  single  oscillator  (Fig.  8)  through  appropriate 
phase-shifting  networks.  The  relative  phases  of  the  electron  beam  modu¬ 
lation  pulse  and  the  detector  reference  signal  are  observed  simultaneously 
on  a  Hewlett-Packard  Model  122-A  dual  channel  oscilloscope.  The  difference 
A <p  between  the  phase  of  the  reference  signal  and  the  modulation  pulse  is 
recorded  and  may  be  chugged  by  either  phase -sh i f t ing  network. 

The  preamplifier  circuit  is  shown  in  Fig.  6.  It  consists  of 
two  CK512AX  tubes  in  cascade  with  another  CK512AX  as  cathode - fol lower 
output,  also  providing  the  100%  negative  feedback  signal.  The  open-loop 
gain  (without  feedback)  is  about  33.  The  closed-loop  gain  (with  feedback) 
was  not  measured  because  there  is  no  simple  way  to  introduce  a  known  sig¬ 
nal  to  the  h igh - impedance  grid  without  destroying  the  effective  feedback. 

An  analysis  of  the  circuit  showed  that  a  net  gain  of  0.97  results  from 
an  open-loop  gain  of  33,  for  a  measured  input  circuit  capacitance  of 
7  x  10  12  farad  and  a  grid-cathode  capacitance  of  2  *  10-1J  farad.  The 
CK512AX  tubes  are  not  very  sturdy;  they  require  frequent  checks  and 
must  be  replaced  frequently  to  keep  the  circuit  noise  level  to  a  minimum. 
New  tubes  are  checked  for  their  grid  and  plate  current  characteristics 
before  they  are  used,  and  are  rejected  if  found  unsatisfactory. 

The  amplifier,  shown  schematically  in  Fig.  7,  has  been  modified 
since  it  was  last  described  in  the  second  Annual  Report.4  The  noise  level 
was  reduced  and  the  stability  increased,  but  the  bandpass  and  gain 
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characteristics  have  not  been  changed  significantly.  The  three  filters, 
which  provide  a  bandwidth  of  about  one  cycle  per  second,  are  tuned  to 
the  89  cps  signal  f rom  the  oscillator.  Since  the  phase  shift  through 
the  tuned  amplifier  is  highly  f requency -dependent ,  the  oscillator  must 
be  exceedingly  stable.  A  change  in  frequency  of  0.1  cps  results  in  a 
20°  change  in  the  phase  shift  through  the  amplifier.  Even  though  the 
gain  of  the  amplifier  is  relatively  unchanged  during  this  small  shift, 
the  phase  -  sens i ti ve  detector  receives  a  signal  which  is  20°  from  the 
correct  value,  and  the  output  is  reduced  by  6%  (1  ~  cos  20°).  One  other 
interesting  characteristic  of  the  amplifier  ia  that  the  phase  shift  pro¬ 
duced  is  dependent  on  the  magnitude  of  the  signal.  This  effect  is 
probably  due  to  a  partial  saturation  of  the  filter  inductances  which 
have  a  very  high  Q  for  small  currents  but  show  saturation  effects  very 
easily.  Figure  9  shows  a  typical  relationahip  between  the  output  signal 
d  and  A  cpl  0  -  A  <p^ ,  the  difference  between  the  phase  shift  at  full  scale 
output  (100  divisions  on  the  recorder)  and  an  arbitrary  output  in  signal 
level  d.  During  the  actual  runs,  the  phase  of  the  reference  signal  was 
set  for  the  optimum  value  for  the  observed  signal  strength  according  to 
this  relationahip. 

The  phase-sensitive  (synchronous)  detector,  shown  in  Fig.  7, 
is  unchanged  from  that  shown  in  the  second  Annual  Deport. 

The  sensitivity  of  the  amplifier  and  detector  is  determined  by 
feeding  the  known  signal  from  the  calibrator  (shown  in  Fig.  7)  into  the 
amplifier.  The  amplifier  gain  is  usually  set  so  that  the  over-all  sensi¬ 
tivity  of  the  amp  1 i f i e r - de t ec t or  is  such  that  a  recorder  reading  of  91 
divisions  is  produced  by  a  sinusoidal  input  signal  of  100  microvolts 
peak- to-peak .  At  this  sensitivity,  the  recorder  reads  full  scale  (100 
divisions)  for  an  ion  current  of  8.6  x  10  **  amp  during  the  "on”  portion 
of  the  modulation  period. 

The  original  oscillator  produced  small  frequency  drifts  with 
fluctuations  in  line  voltage,  room  temperature,  drafts  of  air,  etc.,  and 
thus  produced  changes  in  the  phase  shift  in  the  amplifier.  Consequently, 
this  oscillator  was  replaced  by  a  very  stable  tuned-fork  oscillator,  and 
the  modulator  and  phase  shifting  network  were  added,  as  shown  in  Fig.  8. 
The  basic  oscillator  is  tuneu  to  712  cps,  and  this  is  followed  by  binary 
dividers  so  that  outputs  of  712,  356,  and  89  cps  are  provided.  The 
89  cycle  signal  is  used  for  the  present  work,  and  is  so  stable  that  no 
phase  shift  variations  are  noticeable  over  time  intervals  of  several  days. 
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2.  Characteristics  or  the  Observed  Quantities  and 
Description  or  the  Interfering  Processes 

It  has  been  mentioned  that  interference  ia  observed  under  a  variety 
of  conditions.  In  discussing  the  behavior  of  the  observed  signal  when 
different  parameters  on  the  machine  are  varied,  it  is  possible  to  indi¬ 
cate  many  types  of  interference,  and  to  point  out  the  major  sources  of 
difficulty  in  the  experiment. 

a.  DEPENDENCE  OF  OBSERVED  SIGNALS  ON 
ELECTRON  GUN  CONDITIONS 

A  signal  at  the  ion  detector  was  observed  when  only  the  electron 
beam  was  on  and  there  was  no  intersecting  atom  beam.  A  study  was  made  of 
this  signal  with  variations  of  the  magnetic  field,  electron  energy,  and 
bias  voltages  placed  between  grids  G 3  and  the  collector  A  of  the  gun 

(see  Fig.  4).  Usually  the  phase  of  the  signal  was  recorded,  in  addition 
to  its  amplitude,  in  an  attempt  to  gain  some  insight  of  the  nature  of  the 
source  or  sources  of  these  extraneous  currents.  This  signal  was  found  to 
depe  d  on  the  strength  of  the  magnetic  field  present  in  the  region  of  the 
electron  beam  and  on  the  direction  of  the  field  as  well,  which  is  astonishing 
since  the  fields  were  all  too  strong  to  permit  any  charged  particles  (at 
tne  low  kinetic  energies  possible  in  this  case)  from  traveling  directly 
front  the  beam  region  to  the  collector.  The  signal  also  depended  on  the 
electron  beam  energy;  the  graph  of  signal  vs  beam  energy  shows  an  apparent 
threshold  at  about  20  ev;  the  curve  then  rises  to  a  maximum  of  about  70  ev 
and  falls  off  quickly  again  to  about  */7  the  peak  value  at  about  120  ev; 
then  gradually  decreases  at  higher  energies.  Some  structure  appears  on 
the  low  energy  side  of  the  peak,  but  no  detailed  studies  of  this  feature 
have  been  made.  To  increase  the  complexity,  the  signals  change  in  magni¬ 
tude  when  the  polarity  of  the  voltage  on  a  secondary  particle  suppressor 
(located  in  front,  on  the  collector)  is  changed,  as  might  be  expected,  but 
the  polarity  of  the  signal  is  unchanged,  its  phase  changes  by  only  10°, 
from  a  lag  of  about  85°  to  one  of  about  75°  when  the  suppressor  voltage 
is  changed  from  ~45  to  +45  v.  Thus  there  are  at  least  two,  and  probably 
more,  sources  of  these  anomalous  currents.  The  seriousness  of  the  problem 
was  essentially  eliminated  when  it  was  discovered  that  ell  of  these  signals 
which  are  due  to  the  electron  beam  can  be  eliminated  by  placing  a  small 
electric  field  across  the  drift  space  it.  the  electron  gun.  As  may  be  seen 
in  Fig.  10,  when  a  voltage  difference  Vj  -  »  2.5  ev  is  placed  between 
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grids  Gj  and  G},  signals  from  the  gun  alone  are  undetectable.  It  has 
been  concluded  that  charged  particles  in  the  drift  space  are  intimately 
connected  with  the  spurious  signals,  but  further  explanations  are  only 
speculative . 

The  above  discussion  describes  the  signals  due  only  to  the 
electron  beam.  They  are  sufficiently  strong  to  mask  the  ion  currents 
sought  after  in  the  actual  experiments ,  but  are  easily  eliminated  by  a 
bias  across  the  drift  space.  However  it  was  found  that  even  with  the 
weak  electric  field  present  between  the  drift  grids,  spurious  currents 
were  observed  when  the  atom  beam  was  present  and  intersecting  the  electron 
beam  under  the  intended  conditions  of  measurement.  The  effect  of  these 
currents  was  to  yield  a  computed  ionization  cross  section  at  least  an 
order  of  magnitude  larger  than  anticipated,  and  which  did  not  have  a 
physically  realistic  behavior  at  low  electron  energies:  The  apparent 
"cross  section"  for  e  +  N  -•  N*  +  2e  had  a  maximum  at  about  100  ev  and, 
as  the  electron  beam  energy  was  reduced,  the  cross  section  decreased  to 
a  minimum  at  ab<  ut  25  ev  and  then  INCREASED  at  energies  below  the  actual 
threshold  of  14.5  ev.  (This  effect  was  described  in  Quarterly  Letter 

t 

Report  No.  7.)  A  study  of  the  behavior  of  the  signal  under  the  variation 
of  several  parameters  was  made  and  it  was  found  that  the  spurious  component 
could  be  eliminated  by  the  application  of  an  electric  field  between  the 
second  drift  grid  G^  and  the  collector  A.  Figure  11  shows  the  relationship 
between  the  signal  and  the  bias  voltage  F^  -  Vj ,  with  Fj  -  F2  =  2.5  ev, 
for  70-ev  electrons.  As  Fj  -  F,  was  increased  from  0  to  about  22  v,  the 
signal  decreased  monoton  ica  l  1  y  until  it  reached  a  plateau  of  th  the 

original  value.  On  this  plateau,  at  VA  ~  Fj  >  15  v,  the  signal  was  inde¬ 
pendent  of  Fj  -  Fj ,  as  well  as  F^  -  Fj .  The  actual  cross-section  measure¬ 
ments  were  made  with  F^  -  F}  *  2.5  v,  and  F^  -  Fz  =  17.5  v  or  higher. 

Under  these  conditions  the  observed  signal  due  to  the  ionization 
of  incident  beam  atoms  by  electron  impact  was  independent  of  any  gun  bias, 
and  had  a  realistic  dependence  on  electron  energy  near  the  ionization 

threshold.  j 

j 

In  summary,  spurious  signals  dependent  on  both  the  electron  and  > 

atom  beams  are  eliminated  by  a  suitable  electrostatic  field  between  the 
second  drift  grid  and  the  electron  collector.  Thus  they  seem  to  be  re¬ 
lated  ultimately  to  some  charged  species  created  at  or  near  the  electron 
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collector  which  interacts  either  primarily  or  secondarily  with  the  atom 
beam.  Sine**  no  significant  phase  lag  was  observed,  the  events  leading 
to  these  signals  are  prompt  compared  to  10’7  sec. 

6.  DEPENDENCE  OF  THE  SIGNAL  E  HO  M  CROSSED  REAMS 
ON  THE  VALUE  OF  THE  MAGNETIC  FIELD 

When  the  observed  signals  (with  the  optimum  biases  on  the  electron 
gun)  were  plotted  against  the  magnetic  field  surrounding  the  gun,  the  re¬ 
sulting  curve  was  more  complicated  than  expected.  In  the  case  of  the  atoms, 
the  desired  N*  peak  occurred  at  about  3.2  kgauss,  but  a  very  strong  signal 
was  also  observed  at  about  1.9  kgauss,  and  these  two  peaks  were  separated 
by  a  region  where  the  signal  was  negative.  An  examination  of  the  behavior 
of  the  anomalous  1.9  kgauss  signal,  which  was  many  times  stronger  than  the 
N+  signal  over  all  electron  energies,  led  to  the  conclusion  that  it  *ai  due 
in  some  way  to  the  small  ionized  component  of  the  incident  neutral  beam. 
These  ions  are  created  from  beam  atoms  by  electron- loss  collisions  with 
ambient  gas  molecules  in  the  beam  path  between  the  ion  deflector  plates 
and  the  beam-intersection  region.  A  second  set  of  deflector  plates  was 
installed  just  a  short  distance  in  front  of  the  magnet  to  eliminate  ions 
formed  after  the  beam  had  passed  through  the  first  deflector  but  before 
it  entered  the  second.  A  marked  reduction  in  the  anomalous  positive  and 
negative  peaks  resulted. 

Although  only  an  exceedingly  small  fraction  of  the  neutral  beam 
particles  become  ionized  after  passing  through  the  first  deflectors,  the 
charged  current  so  developed  may  be  orders  of  magnitude  larger  than  that 
resulting  from  the  electron  interactions  in  the  intersection  region,  which 
is  smaller  than  the  effective  current  of  the  neutral  beam  by  a  factor  of 
at  least  107.  These  “incident”  ions  begin  their  curved  paths  immediately 
as  they  enter  the  magnetic  field,  and  will  therefore  reach  the  ion  col¬ 
lector  at  considerably  lower  field  strengths  than  those  formed  in  the 
intersection  region.  They  are  unmodulated  by  the  electron  beam  except 
possibly  by  its  space  charge.  The  weak  electrical  fields  associated  with 
the  space  charge  potential  will  cause  a  slight  alteration  of  the  trajecto¬ 
ries  of  tiie  incident  ions  which  pass  through  part  of  the  intersection 
region.  If  the  incident  ions  form  a  diffuse  “beam"  which  is  only  partially 
collected,  as  is  likely,  the  action  of  the  space  charge  fields  can  cause 
either  a  greater  or  a  smaller  ion  current  to  reach  the  collector:  the 
number  of  incident  ions  reaching  the  collector  can  be  modulated  to  cause 
either  a  positive  or  a  negative  signal.  The  second  deflector  reduced  the 
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anomalous  peak  by  an  order  of  magnitude;  however,  there  was  still  a 
residual  signal  which  was  probably  due  to  ions  formed  in  the  short  path 
length  between  the  si cond  deflector  and  the  gun.  It  is  important  to 
note  that  the  observed  anomalous  signal  is  much  smeller  then  would  be 
observed  if  the  entire  incident  ion  current  developed  in  1  cm  of  path 
length  were  100%  modulated;  therefore,  the  electron  beam  need  only  cause 
a  minor  modulation  of  this  steady  state  beam. 

We  have  also  observed  the  depetidenre  of  the  detected  signal  on 
the  magnetic  field  in  the  cases  of  N2  and  Ar  neutral  beams.  Karh  of  the 
curves  had  anomalous  peaks  which  were  incompatible  with  the  properties  of 
signals  due  to  the  desired  e 1 ec t r on  * ne u t ra  1  beam  interactions:  The  ratio 
<f/F(  of  the  signal  to  the  neutral  beam  detector  output  depended  upon  the 
neutral  beam  current  (or  perhaps  on  the  ambient  gas  density  in  the  beam 
path,  which  increased  with  the  beam).  It  also  had  a  nonlinear  dependence 
on  the  electron  beam  current.  Finally,  it  depended  on  the  polarity  of  the 
ungrounded  side  of  the  second  deflector.  This  deflector  was  arranged  so 
that  one  of  the  plates  was  always  grounded  while  the  other  could  be  made 
either  positive  or  negative.  The  anomalous  signals  were  much  smaller 
when  the  deflector  potential  was  negative  than  when  it  was  positive. 

Figure  12  shows  the  variation  of  thr  signal  (normalized  to  the  neutral  beam 
intensity)  with  magnetic  field,  when  the  deflector  voltage  was  positive. 
Several  combinations  of  neutral  beam  intensities  (Vf)  and  electron  beam 
currents  (*,)  end  energies  ( V  )  are  represented.  At  an  electron  energy 
of  100  ev,  two  real  product  ion  peaks  are  seen.  The  3.2  kgauss  peak  cor¬ 
responds  to  the  N*  ions  and  the  1.6  kgauss  peak  is  due  to  Nj *  and  N+ 
(dissociative  ionization  of  N2 ) .  The  anomalous  peak  at  2.2  kgauss  is 
presumably  due  to  "incident”  N*  ions;  it  has  the  same  position  relative 
to  the  real  Nj  peak  as  the  anomalous  incident  N+  peak  did  to  that  formed 
by  product  N*  ions  in  the  atomic  case.  The  peak  at  1.1  kgauss  is  possibly 
due  to  either  incident  Nj*  or  N+  (dissociated)  ions,  although  this  point 
is  not  clear.  This  peak  wbs  almost  absent  when  the  deflector  polarity 
was  reversed.  Note  the  negative  dips  adjoining  the  positive  anomalous  peaks. 

The  curve  in  Fig.  13  represents  the  normalized  signal  (rf/F  ) 
from  an  argon  beam  at  100  ev  electron  energy,  when  the  second  deflector 
potential  was  negative.  The  A*  and  A+*  peaks  are  easily  seen,  and  a  small 
anomalous  peak  due  to  incident  A+  ions  is  indicated.  The  curve  actually 
goes  slightly  negative  to  the  right  of  this  peak. 


12 


The  actual  cross  section  measurements  were  made  with  a  negative 
potential  on  the  second  deflector. 

H.  PHEMEASUHEMENT  CHECKS  AND  PROCEDURES 

Each  measurement  was  preceded  by  a  number  of  checks  made  on  the 
apparatus  to  make  certain  that  the  apparatus  was  functioning  prcperly 
and  that  the  many  operating  parameters  were  set  in  accordance  with  the 
conclusions  reached  from  the  above  mentioned  studies  of  interference. 
These  procedures  may  be  grouped  according  to  whether  they  pertained  to 
the  ion  accelerator  and  neutral  beam  apparatus  or  to  the  components  of 
the  interaction  chamber  and  detection  apparatus. 

1.  Ion  Source  and  Neutral  Ream  Checks 
a.  ESTABLISHING  THE  ION  BEAM 

The  gas  flow  to  source,  rl  power,  focusing  voltages,  and  ana¬ 
lyzing  magnet  current  were  adjusted  to  obtain  maximum  ion  beam  (ion  de¬ 
flectors  off)  to  the  neutral  detector  in  the  interaction  chamber.  Theae 
parameters  were  optimized  fer  maximum  beam  with  minimum  current  fluctua¬ 
tions  to  reduce  beam  noise-  Beam  current  fluctuations  were  generally  due 
to  arcing  in  the  beam  extraction  region  of  the  source.  Theae  adjustments 
were  made  with  the  neutral  detector  operating  as  a  Faraday  cup  with 
secondary  electron  suppression,  end  using  the  Keithley  15GAas  a  micro¬ 
ammeter. 


6.  NEUTRAL  DETECTOR  5  E  N  S  1  T  I  V  I  T  If 

With  the  ion  beam  maximized,  a  scries  of  runs  were  made  in  which 
the  neutral  detector  wes  used  alternately  to  measure  the  ion  beam  current 
and  then  the  output  of  the  thermocouple.  Vf/i  /£  the  ratio  of  the 

thermocouple  output  to  the  beam  current,  divided  by  the  beam  energy,  was 
used  as  the  neutral  detector  sensitivity  in  the  cross-section  calculations. 
The  measured  sensitivity  was  usually  about  39  microvolts  per  milliwatt, 
or  3.9  x  1 0  ”  2  v/w. 

C.  ESTABLISHING  THE  NEUTRAL  ATO*  BEAM 

After  calibrating  the  neutral  detector  with  the  ion  beam  maxi¬ 
mized  at  t  ie  detector,  the  ion  deflectors  were  turned  on,  the  neutral 
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detector  wm  set  to  measure  the  thermocouple  output,  and  gas  was  admitted 
to  the  charge -t  cans  fe  r  cell.  The  flow  was  set.  to  yield  a  neutral  beam 
optimized  against  the  rising  gas  pressure  in. the  interaction  chamber. 
These  pressures  ranged  from  about  1  x  1Q~7  to  3  x  1Q~7  torr.  Minor 
changes  in  the  voltages  on  the  ion  beam  focusing  lens,  ahead  of  the 
charge  * t rana fe r  cell,  were  sometimes  made  at  this  point  in  order  to 
maximize  the  neutral  beam. 


2.  Equipment  Checks  Pertaining  to  the  interaction  Chamber 

a.  CHECKS  MADE  ON  THE  ELECTRON  GUN 

These  consisted  only  of  properly  setting  the  various  voltages 
on  the  drift  grids  and  collector  to  eliminate  the  background  signals- 


CALIBRATION  Of  THE  AMPLIFIER  AND  DETECTOR 


After  the  installation  of  the  tuned  fork  oscillator,  the 
stability  of  the  signal  was  such  that  the  amplifier  tuning  required 
checking  only  every  few  days.  Before  each  run,  however,  the  reference 
aignal  was  checked  for  proper  amplitude,  and  the  phase  shift  through  the 
amplifier  and  the  amplifier  gain  was  measured  for  a  known  input  aignal. 
If  any  deviations  from  the  normal  values  were  found,  proper  adjustments 
were  made.  The  operation  of  the  preamplifier  waa  checked  by  placing  a 
calibrating  signal  on  the  guard  electrode  (electron  suppressor)  located 
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and  the  collector  (about  8  x  10"1!  farad)  was  used  to  carry  the  signal 
to  the  preamp.  This  is  the  only  method  of  checking  the  preamp  when  the 
system  is  under  vacuum,  since  the  first  stage  of  the  circuit  is  located 
inside  the  vacuum  chamber  and  direct  coupling  cannot  be  achieved.  The 
detector  output  for  a  given  input  was  compared  with  similar  measurements 
taken  when  the  open-loop  gain  of  the  preamplifier  could  be  checked  directly. 


C.  OPTIMIZING  THE  INTERACTION  CHAMBER  MAGNET  CURRENT 
AND  THE  PHASE  OF  THE  DETECTOR 

These  parameters  were  finally  adjusted  from  their  predetermined 
approximate  values  by  maximizing  a  signal  which  was  known  to  correspond 
to  a  relatively  large  cross  section  and  which  was  free  from  interference. 
The  optimum  phase  angle  was  very  reproducible  from  day  to  day,  taking  into 
account  the  variation  with  signal  livel  shown  in  Fig.  9-  The  magnet 
setting  was  also  constant  for  a  given  ion  beam  energy. 

14 


C.  CALCULATION  OK  THE  CROSS  SECTIONS 


Consider  an  atoia  beam  of  uni  form- vo luma  density  P0  stoma/em*  con¬ 
fined  to  a  rectangular  c iota- sec t i ona 1  area  of  lateral  dimension  S  cm 
and  height  H  cm,  which  ia  intersected  perpendicularly,  as  shown  sche¬ 
matically  in  Eig.  14,  by  an  electron  beam  of  uniform  current  density  jf 
amp/cin1 ,  dimension  L  cm  in  the  direction  of  the  atom  beam,  and  height 
H  cm.  The  volume  in  which  the  two  beams  interact  ia  l-SH  cm*.  If  the 
cross  section  for  interaction  is  Q  cmJ  per  atom,  the  number  of  ions  pro¬ 
duced  per  second,  dN*/dt,  can  be  expressed  as 

dN*  P,J,SLHQ 
~dt  *  e 


where  e  ■  absolute  value  of  the  electron  charge  (coulomb).  If  each 
ionized  atom  carries  a  charge  q ,  and  all  of  these  iona  are  collected, 
the  resulting  current  is 


dJT 

dt 


SI  HQ  amp 


and  the  cross  section  is  given  by 


<J 


9  PJ  .sliL 


(1) 


Experimentally,  we  do  not  measure  pm,  Jt,  and 
them  from  the  neutral  detector  output  voltage 
gun  current  *,/2,  and  the  deflection  d  of  the 
the  ion  current  detector. 


»*  directly  but  determine 
Vf,  the  average  electron 
recorder  at  the  output  of 


We  obtain  j  by  measuring  the  total  electron  current  flowing  to 
the  second  drift  grid  G}  and  the  collector  A  (thua  the  current  which 
ciossea  the  drift  space).  The  c roaa-  aec t iona 1  dimensions  of  the  electron 
beam  are  assumed  to  be  I  x  H,  those  of  the  aperture  in  the  control  grid 
Gj  which  is  the  smallest  aperture  in  the  electron  beam  path.  Thu*,  we 
have  an  (average)  current  density 


) 


LH 
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IS 


Since  we  measure  the  electron  current  on  a  <Jc  meter,  we  actually  road 
it/ 2,  the  average  over  a  complete  cycle. 

The  atom  vo lume -dens i t y  /■  1 s  obtained  from  the  atom  beam  energy 

(electron  volta)  and  the  thermocouple  output  voltage  (volts),  as 
follows:  We  measure  the  total  atom  beam  current  t  (expressed  in  amperes 

equivalent)  which  passes  through  the  rectangular  atom-beam  defining 
aperture  of  dimensions  ■$  x  W  cm,  thus  the  atom  beam  current  density  is 
j  ■  i a/SH  amp/cm2.  This  current  i  .s  measured  in  terms  of  its  power, 

watts,  delivered  to  the  neutral  beam  detector,  whose  sensitivity 
x  ia  determined  with  a  pure  ion  beam  and  is  given  by 


i  *  -  volts /watt 

»  E 


Thua 


zE 


amp 


and 


K 


zE  SH 


amp/cm7 


(3) 


Finally,  the  volume  density  p  of  a  beam  of  particles  of  mass  M  (amu), 
kinetic  energy  EA  (ev),  and  current  density  J  (amp/cm2)  is  given  by 


4.4  x  1012 


% 


atoms/cm3 


(4) 


Combining  (3)  and  (4),  we  find  that  a  neutral  detector  output  of  V  volts 
indicates  an  atom  volume  density  of 


P. 


*  4.4  x  101' 


at  oms/cm 


i 


(5) 


The  ion  current  i*  is  computed  from  the  output  of  the  amplifier  and 
synchronous  detector  as  follows.  The  net  gain  of  the  preamplifier  was 
calculated  to  be  0.97.  The  sensitivity  of  the  tuned  amplifier  and  de¬ 
tector  is  preset  so  that  the  recorder  output  d  ia  91  divisions  per 
100  microvolts  input  (peak- to-peak  sine  wave)  to  the  amplifier.  If  an 
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ion  current  of  t4  amp  is  modulated  to  form  a  square  ware  across  the  preamp 
i'lput.  resistance  of  109  ohms,  the  recorder  output  deflection  will  he 
d  ■  1,1?  *  10ls  i'  divisions,  whence 

i+  *  8.9  *  1 0  1  *  d  amperes  f6) 

during  ilie  half-period  that  the  ions  are  being  collected. 

U.  MKASUlUiMKNT  I'MOCKDUHKS :  "  SUHTHACT I  ON  -  AND 

"  SLOPK  ”  mi;  I  NODS 

The  data  were  taken  in  one  of  two  ways,  or  by  a  combination  of  the 
two.  The  original  data  reported  in  the  last  Quarterly  Heport  were  taken 
in  a  series  of  runs  during  which  the  electron  beam  current  remained  at 
about  the  same  value.  The  modulation  voltage  was  set  at  each  energy 
point  to  cut  off  the  electron  beam  completely  during  half  the  modulation 
cycle;  therefore,  the  average  electron  current  read  on  the  dc  metera  was 
just  half  of  the  current  responsible  for  the  ion  signal  observed.  During 
these  early  runs  the  square  wave  modulation  voltage  was  centered  about  the 

cathode  potential,  so  ti .  the  electron  beam  density  was  a  function  of 

only  the  modulation  voltage  amplitude  and  the  beam  energy  in  the  drift 
space.  Hecause  the  ion  signal  observed  with  the  atom  beam  off  seemed  to 
change  somewhat  with  the  gun  conditions,  these  runs  were  made  by  alter¬ 
nately  observing  the  signal  with  the  atom  beam  on  and  off.  The  difference 
in  the  signal  levels  was  taken  for  each  "  on "  -  “off”  pair,  and  was  con¬ 
sidered  to  be  due  to  the  atom  beam  only.  In  this  wa>  any  variation  in 

the  background  due  to  the  electron  beam  alone  was  subtracted  out. 
Occasional  checks  were  made  to  ascertain  that  there  was  a  linear  depen¬ 
dence  of  the  signal  on  the  electron  beam  current,  but  this  was  not  done 
for  earh  run.  We  shall  cal!  this  the  “subtraction”  method.  The  neutral 
beam  was  monitored  constantly  Hnd  its  intensity  was  averaged  over  each 
run  for  use  in  calculating  the  cross  sections. 

Hecent  measurements  were  made  after  the  gun  had  been  modified  to 

allow  a  variable  dr  bias  to  be  placed  on  the  control  grid  Gj  ,  so  that  the 

electron  current  enu'd  be  adjusted  to  any  energy  without  changing  the 
modulation  square  wave  amplitude.  This  allowed  the  current  to  be 
reduced  to  low  values  even  at  high  electron  energies  with  assurance  that 
the  current  was  still  being  rut  off  completely  during  half  the  modulation 
cycle.  Accordingly,  a  “slope"  method  could  easily  be  used:  At  a  constant 
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electron  energy,  the  ratio  of  signal  to  neutral  beam  monitor  output',  i*/V 
ia  plotted  against  i>t  and  the  slope,  Ai*/ (Ai  Vf ) ,  of  the  straight  line 
beat  fitting  the  points  is  uaed  as  the  value  of  i* /  i  V  in  calculating  the 
croas  aections.  This  method  is  comparatively  fast  and  has  the  virtue  of 
providing  a  check  on  the  linearity  of  the  signal  with  i  ,  but  it  does  not 
allow  for  the  effect  of  any  changing  background  signal  due  to  the  gun  alone. 

In  some  measurements  the  two  methods  were  combined.  This  ia  undoubtedly 
the  safest  procedure;  however,  it  more  than  doubles  the  time  required  to 
take  the  data.  On  the  other  hand,  occasional  cross  checks  made  using  either 
the  subtraction  or  the  slope  method  have  warranted  their  continued  use 
during  these  essentially  exploratory  measurements. 
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IV  RESULTS 


The  experimental  results  are  shown  in  Figs.  15,  16,  and  17.  The 
errors  and  uncertainties  associated  with  these  results  are  discussed  in 
i  the  following  sections. 

A.  ATOMIC  NITROGEN 

The  data  for  e  +  N  -  N*  +  2e  are  presented  in  Fig.  15.  The  curvea 
are  approximate  fits  to  both  the  original  data  taken  by  the  subtraction 
method  and  the  more  recent  data  obtained  from  the  slope  method.  The 
i  curve  has  only  been  drawn  for  energies  below  200  ev,  where  enough  points 

E  were  taken  to  provide  a  satisfactory  average.  The  scatter  of  points 

•  indicates  that  the  data  are  reproducible  to  about  10%.  The  absolute 

accuracy  is  less  well  known.  Although  there  is  a  concurrent  program 
-*  to  measure  <^(N  )  using  a  thermal  beam,5  no  other  experimental  determinations 

f  have  been  made  on  N  which  can  be  referred  to  for  comparison.  However,  the 

1  theoretical  results  of  Seaton*  are  plotted  along  with  our  data  in  Fig.  15. 

'*  The  maximum  cross  section  occurs  at  about  100  ev  for  each  curve;  however, 

below  200  ev  our  results  are  about  30%  lower  than  those  of  Seaton.  The 
two  single  points  taken  at  300  and  500  ev  will  be  remeasured. 


H.  MOl.KCULAH  NITROGEN 


These  data  are  shown  in  Fig.  16.  The  total  ioniration  cross  section 
for  Nj  as  determined  by  Tate  and  Smith7  is  also  shown  in  Fig.  16.  The 
subtraction  method  data  were  taken  on  the  N^  peak  only.  The  slope  method 
was  used  to  determine  the  cross  sections  for  production  of  ions  forming 
both  the  Nj  peak  and  that  corresponding  to  the  sum  of  the  doubly  ionised 
molecules  from  e  +  N2  —  N*+  +  3e  and  the  dissociated  ions  from  e  +  N. 

N  +  N*  +  2e.  These  three  cross  sections  are  listed  as  V(Nj),  y(Nj+),  and 
V(Nj  dl4i),  respectively  in  Fig.  16-  In  contrast  to  the  atomic  case,  there 
is  an  inconsistency  between  the  earlier  and  later  data  for  (^(Nj).  The  fact 
that  the  later  data  are  much  more  scattered  and  consistently  lower  than 


the  earlier  data  is  as  yet  unexplained.  There  seems  to  be  reasonable 
agreement  between  the  results  obtained  by  the  twe  methods  in  the  later 
data  (the  subtraction  method  data  are  shown  as  open  circles,  and  the  slope 
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date  by  solid  circles  in  the  figure),  which  makes  this  discrepancy  some¬ 
what  puzzling.  It  may  be  cleared  up  in  forthcoming  measurements. 

Separation  of  ions  with  the  same  charge/momentum  ratio  is  impossible 
in  our  apparatus;  thus,  Nj*  and  N*  ions  will  be  focuaed  into  the  ion  col¬ 
lector  at  the  same  magnetic  field.  However,  in  mass  spectrographic 
studies,7  the  appearance  potentials  (AP)  for  the  production  of  both  ions 
from  electron  impact  on  Nj  has  been  studied.  For  N*  ,  AP(N*)  24.3  ev 
while  for  Nj',  AP(Nj*)  -  49.5  ev.  This  separation  of  25  ev  in  appearance 
potential  is  sufficient  to  permit  an  unambiguous  investigation  of  .he 
dissociative  ionization  cross  section  below  49.5  ev. 

From  Fig.  15,  it  is  seen  that  if  direct,  dissociative  ionization 
occurs  below  49.5  ev,  its  cross  section  is  significantly  less  than 
10~17  cm2.  Further  improvement  in  the  data  collection  techniques  are 
required  (and  contemplated)  to  improve  the  sensitivity  of  the  apparatus 
and  to  observe  a  better  upper  limit  for  Q(N*). 

It  must  be  concluded  that  below  50  ev  the  appearance  of  N*  in  mass 
spectroscopic  studies  is  the  rejult  of  a  chain  of  reactions  and  that 
there  is  a  very  low  probability  that  N’  is  formed  directly.  This  is  to 
he  expected  by  application  of  the  Frank-Condon  principle  and  symmetry 
conservation  rules  to  electron  collisions  with  ground  state  N,  molecules. 
The  ratio  of  Nj*  to  ft*  formed  by  direct  collision  at  energies  above  50  ev 
may  be  very  large  end  should  be  measured  as  soon  as  techniques  ace 
available  to  do  so. 

C.  ARGON 

The  argon  data,  shown  in  Fig.  17,  were  taken  in  order  to  compare 
measurements  made  using  our  apparatus  with  those  obtained  previously  by 
another  method.  Hleakney9  measured  the  relative  elficie  •  for  the  pro¬ 
duction  of  Ar*.  Ar  +,  Ar***,  and  Ar****  by  elnctrcn  impact  on  Ar  and  de¬ 
duced  the  cross  sections  for  each  proce-je  by  using  the  total  ionization 
cross  section  measured  by  Smith10  in  a  static  gas. 

Our  measurements  again  yield  cross  sections  that  are  lower  than 
those  obtained  in  a  static  gas,  but  the  difference  is  very  small  for  Ar* 
in  the  energy  region  above  200  ev .  The  discrepancy  at  ?lectron  energies 
below  100  ev  i still  larger  than  the  statistical  error;  as  yet  we  have 
been  unable  to  account  for  a  systematic  error  in  this  region.  We  suspect 
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that,  our  data  may  be  low  above  250  ev  (as  much  as  20%  at  500  ev)  due  to 
a  peculiarity  of  fringe  electrical  fields  in  the  electron  gun.  These 
fields  were  capable  of  reducing  the  direct  ion  beam  (deflectors  off) 
measured  at  the  neutral  detector  by  about  30%  when  V  ■  500  volts  in  the 
gun,  but  the  effect  should  have  been  less  for  the  ion  signals  because  of 
the  larger  solid  angle  subtended  by  the  ion  collector.  The  gun  has 
recently  been  modified  to  elimina  ■  this  source  of  error,  and  the  possi¬ 
bility  of  a  .systematic  error  in  these  preliminary  results  will  be  examined. 

The  Ar  +  +  cross  section  is  substantially  lower  than  Bledikney’a  at  all 
electron  energies  and  the  relative  sire  of  this  cross  section  compared 
witli  that  of  Ar+  is  inconsistent  with  the  results  of  Bleakney.  As  yet, 
we  have  no  convincing  explanation  for  this  disagreement.  A  discussion 
of  the  possible  causes  of  error  will  be  given  below. 

1).  ERRORS  AMD  UNCERTAINTIES  IN  THE  RESULTS 

1.  Effects  of  Uncerta  i  nt  t  f.s  in  the  Dimensions  and 

Density  Disthihutions  or  the  Election  and  Atom  Beams 

In  computing  the  cross  sections  from  Eq .  (1)  we  assumed  that  both 

beam  densities  were  uniform  and  the  beams  intersected  each  other  exactly 
in  an  interaction  volume  of  dimensions  L  *  H  *  £ >.  Figure  14  shows  the 

interaction  of  the  two  beams  in  the  ideal  case  where  they  intersect 
exactly  in  the  vertical  direction,  each  beam  having  a  height  H.  Actually, 
the  beams  mav  have  some  overlap,  or  may  not  intersect  completely.  Even 
if  the  actual  intersection  geometry  is  not  known,  we  can  be  satisfied 
that  the  upper  and  lower  surfaces  of  each  beam  are  parallel,  that  the 
electrons  are  very  well  directed  in  the  direction  -S  (parallel  to  the 
magnetic  field),  and  that  the  ions  similarly  travel  parallel  to  L.  The 
electron  trajectories  are  considered  below.  For  a  detailed  calculation 
of  the  cross  section,  we  consider  the  production  of  ions  from  a  thin  slab 
of  area  SL  and  height  Ah.  The  upper  and  lower  surface  dimensions  S  and  L 
are  determined  by  the  actual  boundaries  of  the  beams.  The  ion  current 
Wi+/dh)Ah  produced  in  this  volume  element  for  a  cross  section  Q  will  be 

dl*  ( q \ 

—  Ah  =  MyATpa(h);f(h)Ah 

where  )t(h)  is  the  average  electron  current  density  at  height  h,  and 
Pa(h)  is  the  average  atom  beam  density  at  height  h. 


21 


%?**»>!$ 1 


The  total  ion  current  produced  will  be 


00 

*  (;)ys/-  {  pt(h'u Jh)<*h 


(7) 


Note  that  if  either  /'4<M  *  constant  *  or  Jt[h)  •  constant  ■  Jt , 

then  we  have 


i*  -(5 


J. 


(8) 


which  is  equivalent  to  Kq .  (1).  If  neither  beam  ia  uniform,  the  croaa 

sections  should  be  computed  on  the  basis  of  Lq .  (7). 

In  •  lie  actual  measurements,  we  measured  the  total  neutral  beam 
current 


^  KS  \  P* 
J—  CD 


(h)dh 


(where  A  is  the  necessary  conversion  coefficient),  and  then  wre  computed 
a  cross  section  from  l£q .  (8),  using  an  apparent  average  beam  volume- 

dens  i  «  y 

l 

v  >  =  — 

'  *  KSH 

This  approx  inuit  e  value  of  the  average  is  really 
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Similarly,  we  measured  the  total  electron  current 
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i  n  ii  l  a  i  e  of  )  in  I’j  ( II )  . 
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Thus  we  computed  an  approximate  croaa  section  <0>  from  the  relation 

i*  -  j<<£>  SLH  <pt>  <}  f> 

*  {~7)<q>  $lh  '  If  j  p,(h>dh  ‘  |  >,(*)<** 

*+  «  (~)<<?>  ^  |  (9) 

To  relate  the  computed  value  <Q>  to  the  actual  value  Q,  eliminate  i*  from 
(7)  and  (9),  and  obtain,  after  simplifying, 

LaP,(h)dh  J-1 )  )<**» 

Q  -  «?> - ; -  .  (10) 

H  LmPm0*)j,(W* 

No  error  is  incurred  via  uncertainties  in  S  and  L,  but  only  in  aaauming 
a  uniform  density  in  the  vertical  direction  and  also  that  the  beams 
intersect  exactly  over  the  vertical  distance  H. 

To  determine  the  actual  beam  density  profiles,  the  simple  probe 
shown  schematically  in  Fig.  14  was  inserted  into  the  drift  apace  of  the 
electron  gun.  The  probe  intercepted  both  beams  juat  before  they  entered 
the  interaction  volume  and  pei, flitted  sampling  of  height  Ah  »  Q.020  inch 
and  the  full  width  of  each  beam.  Thus  partial  currents  At^  ■  j t(h)L&h 
and  Ai^  =  Kp^{h). SAh  were  measured,  yie lding  sufficiently  accurate  values 
of  pt  and  Jt  for  our  purposes.  Typical  density  profiles  of  the  electron 
beam  and  an  ion  beam  are  shown  in  Fig.  18.  The  error  made  in  using 
as  an  approximation  to  Q  was  determined  to  be  a  little  over  1%  for  the 
profiles  in  Fig.  18,  which  were  typical.  F.ven  though  we  approximated 
Pm  by  using  the  ion  beam,  it  is  very  unlikely  that  the  atom  beam  density 
profile  could  be  so  dissimilar  to  the  parent  ion  beam  profile  that  an 
error  significantly  greater  than  1!?  could  arise.  This  small  correction 
to  ‘ ,  an  increase  of  IS,  was  applied  in  calculating  Q,  but  it  is  sub¬ 
stantially  less  than  the  unce r ta i n t i es  'due  to  noise  and  other  effects. 
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2.  UNCERTA INTIES  IN  THE  ELECTRON  ENERGY  (INTERACTION  ENERGY) 


Because  of  the  great  differences  in  the  masses  of  the  atoms  and 
electrons,  the  atoms  can  be  considered  at  reel  with  respect  to  the  elec- 
trons;  the  energy  ol  the  electrons  in  the  center  of  mass  system  was 
essentially  the  same  as  their  laboratory  kinetic  energy  for  all  energies 
considered.  Hence  only  the  electron  energies  need  be  considered  in  deter¬ 
mining  the  interaction  energy. 

There  are  only  two  obvi  us  sources  of  energy  spread  among  the  elec¬ 
trons  and  these  do  not  include  the  thermal  spread  which  they  acquire  upon 
emission  from  the  indirectly  heated  cathode.  The  sources  sre  space  charge 
and  drift  grid  bias. 

The  space  charge  in  the  electron  beam  will  lower  the  mean  kinetic 
energy;  since  the  space  charge  potential  is  not  uniform  throughout  the 
drift  space,  it  will  result  in  an  energy  spread  among  the  electrons.  An 
upper  limit  to  the  9pace  charge  effect  was  estimated  by  computing  the 
potential  depression  in  a  beam  of  infinite  cross  section  flowing  between 
twr  lan  rids:  This  will  exceed  the  depression  in  a  beam  of  finite 
dimensions-  For  a  beam  of  infinite  cross  section,  current  density  J,  and 
maximum  energy  flowing  between  two  plane  grids  at  potential  and 

separated  bv  a  distance  S,  the  minimum  potential  in  the  beam  V* 
satisfies  the  relation 


^  3/2 
0 


We  operated  under  conditions  such  that  this  calculated  space  charge  de¬ 
pression  did  not  exceed  one  volt  near  threshold  and  about  1  percent  of 
the  beam  energy  above  100  ev. 

■Spare  charge  effects  are  easy  to  observe  when  the  cross  section  is 
a  steep  function  of  impact  energy,  since  the  signal  vs  t  curve  becomes 
nonlinear  at  high  electron  beam  currents  i  .  Therefore  the  linear  portion 
at  low  t r  was  used  to  obtain  the  slope  which  was  proportional  to  i*/i  . 
Space  charge  effects  were  eliminated  using  this  procedure. 

The  second  influence  on  the  electron  energy  distribution  was  due  to 
the  2.5  v  bias  across  the  drift  space  of  the  gun.  It  gave  a  linear  in¬ 
crease  of  kmcti<  energy  to  the  electron  beam  as  it  crossed  the  interaction 
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volume,  and  thus  introduced  •  total  spread  in  interaction  energy  of 
2.5  ev.  The  mean  electron  energy  was  taken  to  be  equal  to  el^j  ♦  1.25)  ev 
where  V}  was  the  voltage  difference  between  the  cathode  and  the  firat 
drift  grid  Gj  . 

3.  Uncertainties  and  Karons  in  the  Current  Measurement 

The  magnitude  of  the  computed  cross  section  depends  on  the  measure¬ 
ment  of  the  currents  i(  of  the  electron  beam,  t  of  the  neutral  beam, 
and  t*  of  the  product  ions.  The  problem  of  determining  the  current  in 
each  of  these  beams  consists  of  two  parts,  namely  (1)  the  complete  col¬ 
lection  of  the  beam  in  question,  with  no  contamination,  and  (2)  the 
measurement  of  the  current  that  is  collected. 


ELECTRON  BEAM 


The  average  electron  beam  current  *4/2  is  read  directly  on  a 
dc  meter  which  measures  the  current  flowing  to  the  second  drift  grid  Gj 
(see  Kg.  4)  and  the  collector  A-  The  collection  efficiency  should  be 
100  percent.  Secondary  electron  emission  is  apparently  negligible  under 
operating  conditions.  The  electrical  fields  in  the  gun  (due  to  the  bias 
voltages)  suppress  secondary  emission,  and  there  is  no  change  in  currents 
with  changes  in  these  voltages  about  the  operating  values.  A  separate 
meter  measures  the  current  to  the  collector  alone,  which  ia  about 
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grid  intercepts  about  5  percent  of  the  current.  It  ia  conceivabl*  that 
the  weak  field  placed  across  the  drift  apace  does  not  completely  auppresa 
secondaries,  but  this  would  only  create  an  erro.  in  the  5  percent  fraction 
of  the  current  collected  by  .  (We  have  not  yet  thoroughly  investigated 
the  problem  of  secondary  emission  at  energies  above  250  ev,  but  there  «*• 
certainly  no  evid  nee  of  difficulty  from  this  effect  at  the  lower  energies.) 
Ihe  meters  have  been  calibrated  over  the  entire  range  of  currents  uted, 
and  the  indicated  current  values  are  corrected  during  t.he  runs  according 
to  data.  The  electron  current  measurements  should  be  accurate  to  about 
3  percent . 


b.  NEUTRAL  BEAM 

In  contrast  to  the  above  case,  the  measurement  of  the  neutral 
beam  is  more  susceptible  to  error.  The  collection  efficiency  is  probably 
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nearly  100  percent  aince  the  nickel  film  which  atopa  the  beam  can  accept 
a  circular  beam  2.2  cm  in  diameter.  The  film  haa  been  examined  each  time 
the  interaction  chamber  was  opened  up,  and  while  there  ia  some  indication 
that  fast  particles  have  been  stopped  over  most  of  this  area,  there  ia  a 
marked  discoloration  in  the  center  of  about  8  x  10  mm  which  has  the  rec¬ 
tangular  shape  and  site  of  the  beam- 1 i mi t ing  aperture  in  front  of  the 
electron  gun.  Thus  the  bulk  of  the  beam  struck  the  center  of  the  col¬ 
lector  and  was  considerably  smaller  than  the  collector  dimensions. 

The  main  source  of  error  in  measuring  the  neutral  beam  intensity 
lies  in  the  fact  that  the  thermocouple  output  is  dependent  upon  the  atom 
beam  density  distribution.  The  thermal  junction  in  a  small  spot  located 
in  the  center  of  a  thin  film  of  low  thermal  conductivity;  hence  the  tem¬ 
perature  at  the  junction  will  be  greatest  when  the  b  am  is  centered  on 
the  film.  A  study  of  this  effect  was  made  using  an  ion  beam.  We  measured 
the  det  ctor  output  voltage  and  the  ion  current  »*  for  several  values 
cf  the  mass -ana ly* ing  magnet  current  which  was  varied  to  sweep  the  ion 
beam  across  the  apertures  of  the  interaction  chamber.  The  ratio  V,/l\ 
actually  remained  very  constant  over  a  fairly  broad  central  portion  of 
the  current,  peak,  and  changed  by  only  about  20  percent  as  l *  dropped  off 
to  50  percent  of  the  peak  value.  No  attempt  was  made  to  make  the  beam 
density  uniform  when  the  tests  were  made,  but  in  view  of  the  results,  it 
is  likely  that  the  beam  was  fairly  uniform.  Sensitivity  calibrations  are 
usually  reproducible  to  within  5  percent,  but  we  have,  at  times,  measured 
sensitivities  which  varied  as  much  as  30  percent,  and  it  would  appear  that 
these  fluctuations  were  due  to  sharp  structure  in  the  beam  density  dis¬ 
tribution,  probably  resulting  from  a  peculiarity  in  the  focusing  conditions. 

We  computed  all  cross  sections  using  the  same  number  for  the  detector 

sensitivity,  3.76  x  10'*  volts/watt,  and  let  any  variations  in  the  artual 

sensitivity  appear  as  fluctuations  in  the  cross  sections.  It  is  not  known 

whether  there  is  a  consistent  difference  between  the  atom  and  ion  beam 

density  distribution,  and  thus  the  detector  sensitivity,  which  would  lead 

to  a  .-systematic  error  in  the  cross  sections.  However,  we  feel  that  such 

an  error  would  be  less  than  10  percent,  and  would  probably  make  the  cross 

sections  appear  to  be  lower  than  the  actual  value,  although  this  conclusion 

is  moot.  total  errors  doe  to  neutral  detector  uncertainties  are  probably 

less  tliBti  20  percent  in  these  dBta.  j 
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plating  the  central  area  of  the  film  to  increase  (by  an  order  of  magnitude) 
the  thermal  conductivity  over  that  portion  which  is  struck  by  the  beam. 

This  modification  should  increase  the  accuracy  of  the  detector  to  about 
5  percent  or  better. 


c.  rnoDucT  ion  cunmnt 

The  sensitivity  of  the  main  amplifier  ard  detector  is  measured 
before  each  run  to  an  accuracy  of  about  1  percent,  and  the  calculated 
value  of  the  preamplifier  gain  is  probably  go  to  2  percent,  which  is 
similarly  the  error  placed  on  the  value  of  the  input  resistor.  The  total 
sensitivity  of  the  amplifier-detector  is  thus  known  to  an  accuracy  of 
about  3  percent. 

The  efficiency  with  which  the  ions  are  collected  is  less  easy 
to  establish.  The  ion  collector  is  mounted  behind  two  identical  elec¬ 
trodes  which  serve  to  control  the  emission  of  secondary  paxticles  from 
the  ion  collector,  to  trap  alow  particles  approaching  the  collector 
from  the  rest  of  the  interaction  chamber,  and  to  define  the  surface  area 
of  the  collector  which  is  "seen"  by  ions  leaving  the  interaction  volume. 
These  electrodes  are  thin,  flat  plates  with  a  rectangular  aperture  cut 
out  of  each,  and  are  mounted  so  that  the  common  axis  through  the  center 
of  the  apertures  coincides  with  the  trajectory  of  an  ion  which  leaves 
t  hr  rpntf  r  of  interset  ion  vo  1  is  for  end  hss  thr  prop?  r  curvature  in  the 

magnetic  field  to  reach  the  center  of  the  collector.  The  magnet  pole 
faces  are  shaped  so  that  the  main  ("gap")  field  focuses  the  ions  in  one 
direction  (perpendicular  to  the  field)  and  the  fringe  field  exerts  a 
weak  defocusing  action  in  the  other  (parallel  to  the  field)  so  thst  the 
image  of  the  interaction  volume  is  a  thick  line  at  the  collector.  The 
1.3  *  2.2  cm  dimensions  of  the  apertures  in  front  of  the  collector  were 
selected  on  the  basis  of  plots  of  approximate  trajectories,  and  were 
considered  to  be  large  enough  to  collect  all  ions  of  the  proper  momentum 
(hat  were  created  in  the  interaction  volume.  If  the  collector  apertures 
are  wider  than  necessary,  the  graph  of  the  ion  signal  plotted  against 
magnetic  field  will  show  a  flat-topped  peak  for  each  ionic  species  pro¬ 
duced  in  the  interaction  region.  Our  studies  of  these  graphs  indicated 
that  the  collector  opeitures  were  of  a  marginal  width  in  the  direction 
perpendicular  to  the  magnetic  field:  Some  of  the  peaks  were  flat-topped 
while  others  were  not.  Kvidently  scattering  of  the  beam  in  the  ambient 
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gaa  made  the  particle  trajectories  more  divergent,  as  they  entered  the 
interaction  volume,  than  had  been  anticipated.  Such  scattering  could 
also  render  the  other  aperture  dimension  too  small.  In  order  to  esti¬ 
mate  the  collection  efficiency  of  this  first  collection  geometry,  a  new 
collector  was  built  with  both  aperture  dimensions  about  25  percent  larger 
than  those  of  the  original  and  a  series  of  runs  on  argon  was  begun  as 
this  report  was  being  written.  A  few  cross  sections  f  .1  the  production 
of  Ar*  were  taken  one  evening,  and  these  were  about  20-30  percent  higher 
than  similar  ones  taken  earlier.  The  signal  vs  magnetic  field  curves 
definitely  showed  flat  topr,,  but  a  study  of  the  shapes  of  the  peaks  indi¬ 
cated  that  the  original  dimensions  perpendicular  to  the  field  were  not 
small  enough  to  cause  much  of  an  error  (an  upper  limit  of  perhaps 
10  percent).  It  is  possible  that  the  other  dimension  was  too  small,  but 
this  cannot  be  checked  except  by  inference  from  the  relative  size  of  the 
cross  sections  taken  with  the  two  collectors.  We  intend  to  explore  this 
point  further  w.th  the  enlarged  ion  collector,  but  our  present  data  are 
limited  to  that  obtained  in  the  few  initial  runs  mentioned, 

All  evidence  from  tests  supported  the  view  that  secondary  elec¬ 
trons  were  suppressed  completely.  It  is  possible  that  secondary  ions 
could  reduce  »he  measured  current,  but  tests  with  a  direct  ion  beam  showed 
that  such  an  error  is  less  than  2  or  3  percent. 

An  additions!  uncertainty  in  the  ion  current  determination  was 
due  to  the  noise  content  of  the  total  icn  current,  collected.  The  modu¬ 
lated  product  :on  current  was  many  times  smaller  than  the  steady-state 
ion  current  resulting  from  electron-loss  collisions  between  the  fast  beam 
atoms  and  the  ambient  gas  in  the  vicinity  of  the  interaction  region.  This 
large  current  of  perhaps  10-1?  to  10”11  amp  had  a  noise  content  which 
varied  mainly  with  conditions  in  the  source.  If  a  great  deal  of  arcing 
occurred  acioss  the  extraction  gap,  the  main  ion  beam  was  itself  noisy; 
consequently  the  neutral  beam  and  finally  the  background  current  at  the 
collector  exhibited  a  high  noise  content.  This  noise  was  manifested  in 
a  continuous  motion  of  the  recorder  pen,  fluctuating  about  the  average 
value.  The  actual  signal  level  was  estimated  by  eye  after  letting  the 
recorder  run  for  several  minutes  at  each  datum  point.  The  length  of  time 
required  to  take  a  reasonable  overage  depended  upon  the  s i gns 1 -to-noi se 
ratio  and  increased  as  the  ionization  cross  section  decreased.  It  was 
generally  possible  to  estimate  an  average  value  to  an  accuracy  which  was 
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about  5  percent  of  the  magnitude  of  the  rms  noise  fluctuations.  Not  all 
of  the  data  were  taken  thin  painstakingly,  however,  and  the  error  bars 
on  most  of  the  cross-section  curvts  represent  an  estimated  statistical 
uncertainty  which  was  due  largely  to  the  effects  of  noise.  These  esti¬ 
mated  errors  are  probably  larger  than  the  true  standard  errors  would  be. 
In  the  case  of  the  early  data  on  N*  and  Nj ,  the  error  bars  actually 
represent  the  standard  errors  on  the  mean  values  of  the  averaged  data 
for  each  point. 

d.  EFFECT  Of  THE  magnetic  field  on 

ELECTRON  TRAJECTORIES 

If  an  electron  crossing  the  drift  space  has  a  momentum  com¬ 
ponent  p,  perpendicular,  and  a  component  pQ  parallel  to  the  magnetic 
field,  it  will  follow  a  helical  path  of  length  S'  in  the  drift  space 
and  the  path  length  across  the  drift  space  must  be  increased  by  the 
ratio  -.S '  /  .S  -  (.1  +  (p  t  /p  ) 2  ]  \  We  have  considered  this  effect  for  our 
gun  geometry  and  have  concluded  that  it  is  negligible,  eveh  at  low  drift 
energies. 


4.  Sl'MMARV  OF  THE  tRRORS  AND  UNCERTAINTIES 


The  major  uncertainties  in  the  results  stem  from  the  neutral  detector, 
from  the  noise  in  the  primary  ion  beam,  and  from  the  possibility  of  error 

...  »  —  -  /  a  u  -  -  n  —  »  : _ _  ;  r:  -  u/-  ~  :  —  4  _  •  u  ~ 
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statistical  uncertainties  to  be  less  than  20  percent.  It  is  conceivable 
that  correction  of  a  systematic  error  will  raise  the  present  cross  sections 
about  20  percent;  however,  any  such  correction  must  be  based  on  the  results 
of  further  tests. 
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V  DISCUSSION  OF  THE  RESULTS 


The  cross  sections  obtained  on  this  apparatus  are  presented  here  as 
computed  directly  from  measured  quantities  and  some  assumptions  about 
geometrical  dimensions.  In  general  the  cross  sections  have  a  reasonable 
energy  dependence  when  compared  with  theory,  in  the  case  of  N,  or  to 
pi  viously  measured  total  cross  sections  for  Nj  and  Ar.  The  absolute 
magnitude  of  the  cross  sections  obtained  are,  at  worst,  within  about  40% 
of  comparable  cross  sections  deduced  from  other  measurements.  Our 
measured  values  are  generally  lower  in  value  than  those  obtained  in  static 
gases  by  Tate  ar.d  Smith,7  and  Bleakney.9  In  the  region  from  about  150  to 
400  ev  the  results  are  quite  close  in  both,  but  our  curves  do  not  peak  as 
sharply  at  their  maximum  values  near  100  ev  as  do  those  of  Tate,  and  of 
Bleakney,  so  that  our  values  are  considerably  lower  (by  '%-40%)  in  the  range 
below  100  ev.  Kven  though  our  present  values  may  be  subjected  to  a  system¬ 
atic  increase  by  up  to  20%  as  a  result  of  a  re-evaluation  of  the  ion  col¬ 
lection  efficiency  in  these  runs,  it  is  likely  that  the  discrepancy  below 
100  ev  will  remain.  We  are  unable  to  explain  it  at  the  present  time. 

Our  absolute  cross  sections  for  the  double  ionization  oi  argon  are 
considerably  lower  than  those  of  Bleakney  measured  in  a  static  gas,  and 
in  fact  our  ratiu  of  Q(  Ar  * + )  /Q(  Ar  * )  is  only  about  %  to  as  large  as 
Bleakney’s.  It  is  possible  that  the  discrepancy  will  be  removed  when  the 
cross  sections  are  measured  with  greater  accuracy,  but  such  a  large  change 
does  not  seem  very  likely  to  occur. 

Ihe  most  surprising  outcome  of  the  measurements  to  date  is  the  Jack 
of  any  signal  from  dissociative  ionization  below  the  threshold  for  double 
ioniratinri,  above  which  the  two  processes  ore  indistinguishable  in  our 
apparatus.  This  indicates  that  the  dissociative  ionization  of  N2  by 
electron  impact  is  highly  unfavorable  as  a  direct  process  for  impact 
energies  below  50  ev,  a  conclusion  which  has  at  least  qualitative  theo¬ 
retical  support.. 

This  latter  observation  lends  some  support  to  the  suggestion  that 
secondary  processes  may  be  responsible  for  the  high  ionization  cross 
sections  obsrrved  at  low  energirs  by  Tate  and  Smith.7  Perhaps  the 
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observed  dissociative  or  multiple  ionization  probabilities  observed  in 
mass  spectrometric  studies  are  also  perturbed  by  secondary  processes. 
Further  study  is  required  to  clarify  this  point. 

Although  there  are  certain  exceptions,  most  of  our  results  are  not 
inconsistent  with  the  presently  available  theoretical  and  experimental 
determinations  of  the  cross  sections.  The  explanation  of  these  dia- 
crepanries,  resulting  from  further  investigation,  may  be  of  auhatantial 
value  to  workers  in  the  field  of  electron  impact  interactions. 
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VI  CONCLUDING  STATEMENT 


During  the  course  of  this  work,  an  apparatus  has  been  developed  to 
a  state  of  usefulness  in  studies  of  electron-atom  (molecule)  interactions. 
The  use  of  a  beam  of  fast  atoms  as  the  target  in  a  crossed-beam  arrange¬ 
ment,  represents  a  new  approach  to  these  investigations.  There  are  still 
minor  uncertainties  in  the  measurements;  however,  the  cross  sections 
obtained  for  the  e lec t ron - impact  ionisation  of  N,  Nj ,  and  Ar  are  inter¬ 
esting  and  encouraging  and  demonstrate  the  usefulness  of  the  technique. 

In  the.  future  the  apparatus  will  be  refined  still  more  and  will  be 
used  to  explore  those  fields  of  experimental  studies  for  which  it  is 
particularly  adapted.  We  intend  to  investigate  further  the  dissociative 
ionization  process  and  hope  to  couple  the  present  technique  with  spectro- 
graphic  studies  in  order  to  achieve  greater  insight  into  the  process. 

We  also  intend  to  study  the  further  ionization  of  ions.  Investigations 
of  this  class  of  reactions  of  the  type  e  +  Ar*  —  Ar**  +  2e  are  virtually 
limited  to  techniques  such  as  the  present  one  using  beams  of  fast  ions. 

It  is  beyond  the  purpose  of  this  report  to  list  the  future  applications 
of  the  apparatus.  It  is  sufficient  to  say  that  the  apparatus  has  proven 
to  be  capable  of  performing  difficult  electron  studies,  and  its  existence 
will  further  broaden  the  area  of  low-energy  particle  interactions  amenable 
to  experimental  investigations.  The  fast  beam  and  thermal  beam  techniques 
fortunately  have  overlapping  capabilities,  but  in  general  their  use  will 
be  complementary. 
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FIG.  2  EXPERIMENTAL  APPARATUS 
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FIG.  4  ELECTRON  GUN  AND  A  DIAGRAM  SHOWING  TYPICAL 
RELATIVE  OPERATING  POTENTIALS  ALONG  THE 
BEAM  AXIS 
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FIG.  5  NEUTRAL  BEAM  DETECTOR 
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FIG.  e  OSCILLATOR  AND  MODULATOR 
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FIG.  9  VARIATION  OF  THE  PHASE  SHIFT  THROUGH  THE  AM^LIF'ER 
WITH  SIGNAL  OUTPUT  LEVEL 
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FIG  10  SIGNAL  DUE  TO  ELECTRON  BEAM  ONLY  vs  BIaS  VOLTAGE  V3  -  V2 

ACROSS  THE  DRIFT  GRIDS.  Vr  -  70  ev,  MAGNETIC  FIELD  -  1  5  kgauss, 
VA  -  V2  v  Jv  THE  SIGNAL  IS  UNCHANGED  IN  THE  PLATEAU  REGION 
IF  VA  -  V? 
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SIGNAL  NORMALIZED  TO  NEUTRAL  BEAM.  SIGNAL /V 
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FIG  12  e  +  Nj  SIGNAL  vs.  MAGNETIC  FIELD,  FOR  SEVERAL 
ELECTRON  ENERGIES  (VJ  AND  ATOM  BEAM 
CURRENT  DENSITIES  (V,) 
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!G.  U  DIAGRAM  OF  THE  BEAM  INTERACTION  VOLUME,  AND  A  SKETCH 

OF  THE  PROBE  USED  TO  MEASURE  THE  BEAM  DENSITY  PROFILES 


C<*OSS  SECTION 
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FlG.  17  CROSS  SECTIONS  FOR  e  ♦  Ar  IONIZATION 
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FIG.  18  DENSITY  PROFILES  OF  THE  ELECTRON  AND  ION  BEAMS.  THE 
DIPS  IN  THE  ELECTRON  BEAM  PROFILE  CORRESPOND  TO  THE 
SHADOrtSOF  THE  GRID  WIRESOF  G,,  g2,  AND  g3 
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